Abstract Magnetic nanoparticles (NPs) of cobalt oxide (Co 3 O 4 ) with the diameter of 20-40 nm have been prepared by a simple liquid deposition method in the Histidine (His) assistance at room temperature. Ethanol plays an important role in the preparation of cobalt oxide NPs with a polycrystalline structure. The growth mechanism for Co 3 O 4 cube particles has been preliminarily explained. The hysteresis loop of NPs reveals their good magnetic property indicating that they can be used in hyperthermia, cell separation etc. These applications need the magnetic particles with cytocompatible properties. The analysis of IR spectrum, TG curve and HRTEM image indicated that cobalt oxide particles was conjugated with the His molecules. Escherichia coli (E. coli) and L929 cells tests suggest a good cellular compatibility at a concentration of less than 0.25 mg/mL, indicating that the prepared Co 3 O 4 NPs have a potential for several biomedical applications.
Introduction
Nanotechnology plays a key role in the fields of biomedical engineering [1] . Many magnetic metal or metal oxide nanoparticles (NPs) have a unique superparamagnetic property [2] , and the availability of magnetic nanomaterials has inspired us widespread interest for their biological applications such as magnetic resonance imaging (MRI), medical diagnostics, drug delivery, and implantable nanoelectronics etc. [3] . NPs are required to have high biocompatibility [4] , dispersion and magnetic response when they are applied in the biomedical fields. Surface modification is an effective method to make them possess good paramagnetic property, protein adsorption and other new physical chemical properties. These magnetic NPs surface can be modified with functional groups, such as -COOH, -OH, -NH 2 , thus they can be conjugated with active substances, which will be in favour of their application in biochemical and biomedical fields [5, 6] . Because the final products with above properties were difficult to be obtained through traditional chemical methods, we need to find a new way to prepare magnetic NPs which can be applied in the medical field.
In recent years, a facile aqueous synthesis process at room-temperature has been developed, in which mild reaction conditions, including normal atmospheric pressure, are required, and the natural biomineralization process conditions are mimicked [7] . During this mineralization, the controlled nucleation, growth and aggregation of minerals in the mediation of organic templates lead to specific morphology, orientation and assemblies of the particles [8] [9] [10] . DNAs, proteins, peptides, cholesterols, lipids, polysaccharides and amino acid molecules etc., were used as templates for biomorphic mineralization. Biomolecules render facile templates for the fabrication of nanomaterials. A lot of Electronic supplementary material The online version of this article (doi:10.1007/s10904-011-9611-6) contains supplementary material, which is available to authorized users. biomorphic materials were reported, including metals, metal oxides, and metal sulfides [11] . Danhong Yan et al. [12, 13] prepared olive-like ZnO particles and single crystalline GaOOH rods with biocompatibility successfully using silk fibroin (SF) peptide as a template at room temperature. Zhiguo Liu et al. [14] reported a hydrothermal process to prepare single-crystalline gold NPs capped with L-Histidine (His).
Cobalt oxide has a wide range of applications in various industrial fields, for example, rechargeable batteries [15] , a catalyst of the abatement of CO [16] , a magnetic material [17] and CO sensors [18] . The spinel tricobalt tetraoxide, Co 3 O 4 , has an energy band-gap of 1.4-1.8 eV [19] , which can be used as a p-type semiconductor [20] , and magnetic materials [21] [22] [23] [24] [25] [26] . A various synthesis methods of Co 3 O 4 have been reported such as sol-gel method, polyol process, solvothermal synthesis, polymer assisted synthesis, thermal decompositions and hydrothermal synthesis [27] [28] [29] [30] [31] [32] [33] . Compared with conventional methods of materials production, organic molecules assistance synthesis process is facile, environmentally benign and economic [11] , and it has provided inspiration for the controlled formation of this novel inorganic materials. Based on our previous study [12, 13] we design to fabricate the magnetic Co 3 O 4 NPs conjugated with the His molecules on the surface, which may be applied in biomedical fields.
In this paper, we used the His molecules as assistance templates to prepare Co 3 O 4 NPs, and nanosized Co 3 O 4 particles are obtained at room temperature. No special conditions such as high temperature, special surfactant, and pressure are required for the reaction. The magnetic properties of the synthesized material were investigated. Moreover, in order to use them in biomedical field, the biocompatibility of the prepared NPs is necessary. The tests for Escherichia coli and L929 cells were carried out, their results suggest were the good biocompatibility of the His-Co 3 O 4 in the low concentration of NPs suspension. The possible applications in biomedical field could be envisioned, such as cell separation, drug delivery, MRI, hyperthermia [3] etc.
Materials and Methods
Cobalt nitrate (Co(NO 3 ) 2 Á6H 2 O), sodium hydroxide (anhydrous, 99.96%) and His are analytical reagent, and deionized water was obtained from our laboratory. Beef extract, peptone and agar were used in the antibacterial tests. The chemical reagents were purchased from Kelong Chemical Co. (Chengdu, China).
A 0.1 M water-ethanol (1:1, v/v) solution of Co(NO 3 ) 2 Á6H 2 O (50 mL) was mixed with histidine of different concentration (0, 0.1, 0.3 mg/mL) for 12 h. The control group without His was dissolved in water solvent, and then 0.2 M sodium hydrate (50 mL) was added drop by drop with continuously stirring at room temperature. The mixture was kept at room temperature for a period of time (1, 5 , and 15 days). The precipitate was centrifuged and rinsed 4 times with distilled water and twice with ethanol. Finally, the products were dried at 45°C for 24 h.
Although E. coli is a pathogenetic agent of several infective diseases in humans, it has also been used for evaluating the cytotoxicity of NPs due to its sensibility on NPs [12, 34, 35] . Antibacteria tests were carried out by the growth number of E. coli on solid agar plates mixed with different concentration of Co 3 O 4 fluids (from 2.5 to 0.1 mg/mL). In the tests, the solid culture medium was prepared containing beef extract 5 mg/mL, peptone 10 mg/mL, sodium chloride 5 mg/mL, and agar powder 20 mg/mL. Co 3 O 4 NPs were mixed evenly in liquid medium and were diluted to specific concentration. Bacteria cell strains were cultivated in liquid medium in a shaking incubator at 37°C after 4.5 h, and then were diluted 10 5 times. In the experiment, 70 lL of bacteria culture fluids and 80 lL of Co 3 O 4 fluids were coated on the surface of solid agar plates. The control group was established without Co 3 O 4 particles. The plates were incubated at 37°C for 24 h, and then the colony counts were taken. All the experiments were conducted in triplicate for each sample.
The cell viability was chosen as a cytotoxicity parameter and determined by the MTT assay, which was applied to evaluate the effect of The crystal structure of the samples was characterized by X-ray diffraction (XRD, X'Pert, Holand). The morphology of the Co 3 O 4 particles was observed by transmission electron microscopy (TEM, JEOL-200, 160 kV, Japan, high resolution HRTEM, JEOL-2000, 200 kV, Japan) and scan electron microscopy (SEM, JEOL-5900LV, 20 kV). Fourier transform infrared (FT-IR) spectrum was recorded by an IR Prestige-21 spectrometer. Thermogravimetry (TG) was carried out with a TG/SDTA851 e analyzer from METTL-ERTOLEDO Co. of Switzerland. The interaction of histidine and cobalt (II) was detected by UV-Vis spectroscopy techniques. Sample for magnetic measurements was investigated by vibrating sample magnetometer (VSM, Lake shore-7400, USA).
Results and Discussion
The phase identification of all samples was performed by XRD. The patterns of samples obtained in water with 0, 0.1 and 0.3 mg/mL His are shown in Fig. 1a, b are composed of two or more primary cubic crystals with diameter of 20 nm (shown by red arrow in Fig. 2b, c) . The larger crystalline with diameter of about 40 nm (shown by green arrow) have grown through the aggregation and fusion of several primary cube particles. Furthermore, some defective crystals similar to hollow structure were also observed (shown by blue arrow). Compared with the shapes of pure Co 3 O 4 NPs, the His-Co 3 O 4 NPs are more regular. The electron diffraction pattern in Fig. 2d shows a good polycrystalline structure in nature. According to the calculated results, the (220), (311) and (440) diffraction planes of cubic Co 3 O 4 are in good agreement with the XRD data. Figure 3 shows the thermogravimetry curve of HisCo 3 O 4 NPs in the temperature range of 20-400°C. It is obvious that there are two main weight loss processes. About 5.88% weight loss between 50 and 110°C is attributed to the release of absorbed water in NPs, and the weight loss reached 9.23% when the NPs were calcined over 230°C, which is assigned to the thermal decomposition of His molecules and nitrate groups in layered structure. The thickness of coverage layer is about 2-4 nm after the calculation (the process is shown in supplementary material).
For a better understanding of His-Co 3 O 4 crystal structures, HRTEM observation was carried out. The HRTEM image in Fig. 4 shows that the interplanar space is 2. [36] , which are not present in curve a because His molecules are decomposed after sintering. The shift at these characteristic bands indicated that the surface of primary cobalt oxide NPs conjugated with the His molecules.
In order to verify the effect of His and ethanol in the synthesis process, we measured UV absorption of reaction solution. Figure 6 shows a series of spectra of cobalt nitrate (0.1 mol/L) and His (0.5 mg/mL) in water and ethanol solvent, respectively. In the test, His is added into ethanol solution of cobalt nitrate and stirred for 3 h and kept for 24 h. From the curve a and b we can clearly see that cobalt nitrate-ethanol could lead to broad absorption from 200 to 330 nm, especially that there is a sharp peak of 248 nm in the curve a. However, the coordination effect of ethoxy from ethanol molecules leads to the absorption red shift from 248 to 253 nm and the weaker cobalt nitrate absorption. According to experimental results and previous studies [37] , the shoulder peak at about 206 nm belongs to n ? r * transition of hydroxyl in ethanol molecules. The intensity of this characteristic peak is decreased and slight red shift occurs from 206 to 211 nm with adding His, indicating that the His molecules also coordinate with cobalt ion to change electronic energy levels of ethanol molecules. Based on the tests results, the reaction mechanism between His and Co 2? in ethanol could be considered as follows. The dispersed His plays a role of crystallization sites for cobalt oxide in the precipitation, and could reduce the crystal size during a slow synthesis process [38] [39] [40] [41] . The occurrence of coordination between ethoxy and cobalt ions in ethanol promotes further ionization of H ? and the decrease of the pH value of solution (the pH of different system is shown in Table 1 ), which is in favor of the oxidation of nitrate group. The possible coordination structure in solution is shown in Scheme 1 (the red part is imidazole) based on the previous studies [42, 43] and this case. Nitrate group may also coordinate with cobalt ion to lead to enter into cobalt hydroxide crystal lattice. Trivalent cobalt emerged due to oxidation of nitrate group. Reduced products nitrite can easily separate from the lattice, and then spinel cobalt oxide formed after dehydration.
The synthesis of Co 3 O 4 in the reaction system can be given by the following Equations.
Based on these above results, the proposed formation mechanism of His-Co 3 O 4 NPs is shown as Scheme 2.
Step (a), cobalt hydroxide gel was formed after the hydrolysis of Co 2? . During the dehydration and oxidation of NO 3 -, some cobalt hydroxide sol were changed into primary crystalline nucleus linked by His, which was the most active area due to high percentage of dangling bonds. These primary-cube units grew along with His sites into irregular cube structure, and these crystals would be the nucleus for growth of Co 3 O 4 NPs.
Step b, these primary crystals coated by hydroxide groups maintain to grow up along their surfaces.
Step c, these crystals aggregated into larger particles with some cubic defects.
Step d, the aggregates further fused together to form a complete crystal (seen in Fig. 2a) . Thus, many large cubic Co 3 O 4 NPs were formed during the synthesis process and growth of particles. Figure 7 shows the dependence of magnetization on applied magnetic field (M-H loop) for the synthesized Co 3 O 4 NPs. The sample shows clear hysteresis loop for paramagnetic Co 3 O 4 nanocrystals with coercivity 28.845 G and saturation magnetization 2.882 emu/g. The remanent magnetization of NPs is almost zero, which shows a very small particle size and superparamagnetic nature. This nature of the prepared nanoparticles will be benefit for the application of Co 3 O 4 in the biomedical field [3] .
In order to illustrate the toxicity of Co 3 O 4 NPs, bacteriological tests were conducted on E. coli. The images of E. coli incubated in LB media in the presence of 0 and 1.25 mg/mL Co 3 O 4 fluids are shown in Fig. 8 . The biocidal effect of this nano material on E. coli is given in Fig. 9 . Data are expressed by CFU means ± standard deviations. The concentration of Co 3 O 4 NPs was changed from 2.5 to 0.1 mg/mL. The control experiments were used pure Co 3 O 4 NPs that is not conjugated with His. Statistical analysis was with t tests method. The formula is given by [44] :
where X is the mean of comparative sample, l 0 is the mean of control sample, S is the standard deviations, n is the sample number. The significant effect (P \ 0.05) emerged in sample when the concentration of NPs result in good cell compatibility. The growth inhibition under high concentration maybe results from the steric effects of NPs [12, 45] . Figure 10 shows thin sections of E. coli grown in Co 3 O 4 NPs (0.6 mg/mL) medium. This bacterium is a moderately sized Gram-negative bacillus that presents a tubular form. TEM image shows that there was no change in the morphology of cells and that the cell walls were not obviously damaged. An obvious result is that the NPs penetrated the cell membrane and internalized inside of E. coli, suggesting that the His-Co 3 O 4 NPs possess a remarkable nontoxicity and good cytocompatibility for E. coli. Figure 10a indicates that no significant effect emerged upon L929 cells when His-Co 3 O 4 NPs were used as particle suspension. 0.25 mg/mL suspension could slightly restrain cell proliferation of L929 cells, but these effects were not significant enough for any conclusion to be drawn. In the treatments of low concentrations (20 and 4 lg/mL), L929 cells showed good resistance to the cytotoxicity of Co 3 O 4 NPs. Instead, much significant effect was shown in Fig. 10b indicating that the pure Co 3 O 4 NPs could result in certain damage of L929 cells.
In the current study, cobalt ions are well known to generate ROS [46] , and oxidize proteins [47] , and have been reported to generate free radical damage in bronchoalveolar lavage fluids of rats [48] . Moreover, it is clear from our MTT results that L929 cells exposed to pure Co 3 O 4 also displayed a high damage level while the HisCo 3 O 4 NPs generate much lower cell damage. From these results we could believe that the Co 3 O 4 NPs coated with His molecules can enter into the cells smoothly, although alkaline compounds could dissolve the external part of the cell membrane [49] . On the other hand, it was reported that His structure because of the C-O bonds and -OH groups may be metabolized by cell [50] . Obviously, the His molecules could promote cell growth after their metabolization. So the NPs prepared here can be surrounded within cells and shows a cytocompatibility. On the basis of their small sizes, good magnetism and cytocompatibility, the His-assisted synthesis Co 3 O 4 NPs would be applied as a new types of analytical tools in biomedical fields, such as magnetic carrier, contrast agents and cells label.
Conclusions
In this paper we have successfully synthesized magnetic Co 3 O 4 nanoparticles of small size 20-40 nm with the assistance of His at room temperature. Compared with other synthesis methods, this synthesis process is facile and environment friendly. The ethanol solvent has an important influence to the mineralized Co 3 O 4 particles. Many cubelike NPs were well crystallized and His molecules were conjugated onto their surface during the synthesis process. VSM test shows a strong magnetic property and almost superparamagnetic nature. Bacterial experiments and L929 cells viability test with His-Co 3 O 4 particles presented good biocompatibility when their concentration were less than 1.2 mg/mL and less than 0.25 mg/mL, respectively. Based on these biocompatibility and magnetism, their possible application in biomedical fields could be envisioned in the future.
